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Background and Objective: Bone morphogenic proteins are known, in animal

models, to promote many developmental processes, including osteogenesis. Clin-

ical trials are currently underway to evaluate the potential of bone morphogenic

proteins to promote bone and periodontal regeneration in humans. The aim of this

study was to establish an optimal cell culture condition for using to study the

biological effects of recombinant human bone morphogenic protein-2 on perio-

dontal ligament cells.

Material and Methods: The roles of serum concentration, types of culture medium

(a-modified essential medium or Dulbecco’s modified Eagle’s medium), the pre-

sence of osteoinductive medium (including dexamethasone, ascorbic acid and

b-glycerophosphate), and timing of addition of the osteoinductive medium and

recombinant human bone morphogenic protein-2, on the expression of alkaline

phosphatase were investigated in cultured periodontal ligament cells. Cytochem-

ical stainings and biological assay of alkaline phosphatase were also demonstrated.

Results: Our results suggested that an increased concentration of serummightmask

the effect of recombinant human bone morphogenic protein-2 on the expression of

alkaline phosphatase in periodontal ligament cells.a-Modified essentialmediumwas

found to induce a stronger cytochemical staining of the alkaline phosphatase than

Dulbecco’s modified Eagle’s medium under similar culture conditions. Pre-incuba-

tion of cells with osteoinductive medium before the addition of various concentra-

tions of recombinant human bonemorphogenic protein-2 enhanced greater alkaline

phosphatase expression than the simultaneous presence of both osteoinductive

medium and recombinant human bone morphogenic protein-2.
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Periodontal disease is characterized by

inflammation and the subsequent loss

and/or damage of tooth-supporting

tissues, including cementum, bone, and

periodontal ligament (1). New forma-

tion or regeneration of the disease-

deteriorated tissues is a critical issue of

clinical periodontology and is still a

hot topic of intensive study as a result

of the unpredictable outcome of dif-

ferent therapies. Progenitor cells for

tissue regeneration have been sugges-

ted to derive mainly from periodontal

ligament tissues (2–4). The periodontal

ligament cell population has many

osteoblast-like properties, including

the capacity to respond to hormones

(vitamin D3, parathyroid hormone) (5)

and bone-inductive factors (6,7), to

form mineralized nodules in vitro, and

to express many bone-associated pro-

teins, such as alkaline phosphatase and

osteocalcin. Periodontal ligament cells

seem to possess some osteogenic and

fibrogenic progenitor cells that main-

tain homoeostasis and aid the regen-

eration of periodontal tissues (8–10).

Bone morphogenic proteins belong-

ing to the transforming growth factor-

b superfamily have long been known as

potential inducers of bone formation

(11,12) and also as factors involved in

regulating the morphogenesis and dif-

ferentiation of many organ systems

(13,14) and tooth development (15,16).

In vitro, bone morphogenic protein can

regulate the expression of osteogenic

proteins, including osteocalcin, bone

sialoprotein, osteopontin and alkaline

phosphatase. (17,18). Results from

animal studies (19–21) and human

clinical trials (22,23) indicate that bone

morphogenic proteins have the ability

to stimulate the regeneration of bone

and periodontal tissues, including

cementum. Although study results

have highlighted the potential clinical

application of bone morphogenic pro-

teins for periodontal regeneration,

studies using human cells to investigate

the underlying mechanism of its heal-

ing process have not been conducted in

detail. Only a limited number of stud-

ies have illustrated the modulatory

effects of bone morphogenic proteins

on the differentiation of the human

osteoblastic lineage, especially perio-

dontal ligament cells. Therefore, it is

essential to investigate the effects of

bone morphogenic proteins on cells

isolated from the human periodontal

ligament before considering clinical use

of bone morphogenic proteins for

periodontal regeneration.

Alkaline phosphatase plays an

important role as an enzyme marker in

osteoblast differentiation and bone

mineralization, both in vivo and in vitro

(24,25). Recombinant human bone

morphogenic protein-2 has been

reported as a positive regulator for

alkaline phosphatase in many cell

types, including MC3T3-E1 (26),

human mandible bone cells (27), hu-

man bone marrow stromal cells (28),

human neonatal calvaria cells (29), and

rat and human periodontal fibroblasts

(30,31). However, different results of

previous in vitro studies, using different

culture conditions, often make com-

parisons and interpretations relevant

to real tissue difficult. According to my

knowledge, this issue has not been

applied in periodontal ligament cells.

Therefore, the aim of this study was to

establish a suitable culture condition

for using to study the in vitro recom-

binant human bone morphogenic

protein-2-induced differentiation of

periodontal ligament cells. In this

study, the effects of serum concentra-

tion, culture medium, pre-incubation

in osteoinductive medium (containing

dexamethasone, ascorbic acid and

b-glycerophosphate), and dose-depen-

dent response of recombinant human

bone morphogenic protein-2-induced

alkaline phosphatase expression, were

tested.

Material and methods

Cell culture

Human periodontal ligament was

obtained from adult healthy premolars

extracted for orthodontic reasons.

Briefly, periodontal ligament tissue was

dissected from the mid-third portion of

premolar roots, using a sharp surgical

scalpel, and then minced into small

pieces and placed onto 35-mm tissue

culture dishes. The explants were then

covered with sterilized glass coverslips

and kept in a-modified essential med-

ium (Sigma, St Louis, MO, USA),

which contains 10% heat-inactivated

fetal bovine serum (Gibco, Grand

Island, NY, USA) at 37�C, in 5%

CO2-humidified air. Cells were allowed

to grow out of the explants and

reached confluence. Cells were then

expanded and stored in liquid nitrogen

for future use. Periodontal ligament

cells between passages four and seven

were used in the present study.

Determination of optimal conditions
for assaying the modulation of
alkaline phosphatase expression
by recombinant human bone
morphogenic protein-2

Role of medium type In this preliminary

study, different serum concentrations

(0.2, 2, 5, or 10%) were used to test the

differential effect of recombinant

human bone morphogenic protein-2 on

alkaline phosphatase expression. Perio-

dontal ligament cells, 2 · 104/well,

were initially plated in a 24-well culture

dish with a-modified essential medium

+ 10% fetal bovine serum to reach

near confluence. Then, the medium of

Conclusion: The findings of this study suggest that the effect of recombinant

human bone morphogenic protein-2 on periodontal ligament cells could be effi-

ciently investigated after the proper selection of culture variables and temporal

sequence of adding bioactive factors. The optimal culture condition identified in

this study might be useful in further studies to elucidate the regulatory mechanism

of periodontal ligament cells in periodontal regeneration after stimulation with

recombinant human bone morphogenic protein-2.
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each dish, each containing different

serum concentrations, was changed

and cultured for 3 d. Several culture

wells were supplemented with osteoin-

ductive ingredients (osteoinductive

medium: 50 lg/ml ascorbic acid,

10 mM sodium b-glycerophosphate
and 10)7

M dexamethasone) simulta-

neously when changed to different

serum conditions. Cells were further

stimulated with recombinant human

bone morphogenic protein-2 (0, 100,

300, or 500 ng/ml) for an additional

3 d. Cytochemical alkaline phospha-

tase staining was performed to deter-

mine the influence of recombinant

human bone morphogenic protein-2

on alkaline phosphatase expression.

At the end of the experiment, cul-

tured periodontal ligament cells were

thoroughly washed with 1 · phos-

phate-buffered saline, fixed with 2%

paraformaldehyde (Sigma) dissolved in

phosphate-buffered saline, and stained

cytochemically using the azo-dye

coupling technique (32).

Owing to excessive cytochemical

staining of alkaline phosphatase in

periodontal ligament cells cultured in

a-modified essential medium, irres-

pective of the presence or absence of

recombinant human bone morpho-

genic protein-2, a-modified essential

medium was assumed to mask the

effect of recombinant human bone

morphogenic protein-2. Therefore,

Dulbecco’s modified Eagle’s medium

(Gibco) was used for comparison

under the same culture condition.

Periodontal ligament cells, 2 · 104/

well, were initially plated in a 24-well

culture dish containing either a-modi-

fied essential medium or Dulbecco’s

modified Eagle’s medium + 10% fetal

bovine serum. Alkaline phosphatase

staining was performed to determine

the effects of different culture medium

on the level of alkaline phosphatase

expression.

Effect of serum concentration To test the

effect of serum concentration and

osteoinductive medium on the alkaline

phosphatase expression of periodontal

ligament cells cultured in Dulbecco’s

modified Eagle’s medium, periodontal

ligament cells, 2 · 104/well, were ini-

tially incubated to confluence in a

24-well culture dish containing regular

Dulbecco’s modified Eagle’s medium

+ 10% fetal bovine serum. The med-

ium was then replaced with the same

medium containing either serum-free

medium + 0.2% bovine serum albu-

min (Sigma) or different concentra-

tions of serum (0.2, 2, or 10%). The

cultures were performed in either the

presence or absence of osteoinductive

medium for 3 d. Alkaline phosphatase

staining was performed to determine

the differential effect of the serum on

alkaline phosphatase expression.

Effect of timing of osteoinductive medium

pre-incubation Osteoinductive medium

is essential for studying in vitro min-

eralization. Our preliminary study

indicated that recombinant human

bone morphogenic protein-2 alone

did not sufficiently stimulate an

alkaline phosphatase response. In

order to time the addition of osteo-

inductive medium to obtain the opti-

mal effect of recombinant human

bone morphogenic protein-2, cell

cultures were pre-incubated with

osteoinductive medium in standard

Dulbecco’s modified Eagle’s medium.

Periodontal ligament cells, 2 · 104/

well, were initially plated, to reach

near confluence, in a 24-well culture

dish in Dulbecco’s modified Eagle’s

medium + 10% fetal bovine serum.

In one study group, the medium was

changed to serum-free Dulbecco’s

modified Eagle’s medium (0.2%

bovine serum albumin) containing

osteoinductive medium and various

concentrations of recombinant human

bone morphogenic protein-2 (0, 50,

100 or 300 ng/ml) for 3 d. The other

group of confluent cells were pre-

incubated in the same serum-free

Dulbecco’s modified Eagle’s medium

supplemented with osteoinductive

medium for 3 d, and then further

stimulated with recombinant human

bone morphogenic protein-2 (0, 50,

100, or 300 ng/ml) for an additional

3 d in the same medium. Alkaline

phosphatase staining was performed

to determine the effect of pre-incu-

bation in osteoinductive medium for

recombinant human bone morpho-

genic protein-2 stimulation of alkaline

phosphatase expression.

Dose–response effect of
recombinant human bone
morphogenic protein-2 on alkaline
phosphatase expression

Periodontal ligament cells were pre-

pared and cultured, as mentioned

above. After the cells reached conflu-

ence, the culture medium was replaced

with either serum-free (0.2% bovine

serum albumin) Dulbecco’s modified

Eagle’s medium, or serum-free (0.2%

bovine serum albumin) Dulbecco’s

modified Eagle’s medium supplemen-

ted with osteoinductive medium, and

maintained for 3 d. Cultured cells were

further stimulated with recombinant

human bone morphogenic protein-2 (0,

50, 100, or 300 ng/ml) for an addi-

tional 3 d in the same culture medium.

At the end of the experiment, cells were

scraped off from the dish into 1 ml of

Tris-HCl buffer and then sonicated

before measurement of cellular DNA

and alkaline phosphatase activity.

To assay alkaline phosphatase

activity, the harvested cells were soni-

cated in 1 ml of Tris-HCl buffer

(10 mM, pH 7.4). The sonicates were

used as an enzyme solution to deter-

mine alkaline phosphatase activity, as

measured by the release of p-nitrophe-

nyl phosphate, and the color reaction

product was measured at 410 nm

wavelength on a Beckman DU-65

spectrophotometer (Beckman, Fuller-

ton, CA, USA) (32).

The cellular sonicates were also used

to measure cellular DNA content.

After calibrating the spectrophotome-

ter on the cuvette containing 1 ml of

TE buffer (10 mM Tris-HCl/1 mM

EDTA), the absorbances of the

experimental samples, containing 10 ll
of cellular sonicates and 990 ll of TE
buffer, were measured at 260 nm on a

Beckman DU-65 spectrophotometer

(Beckman) (32).

Statistical analysis

Measurements of alkaline phosphatase

activity were expressed as the mean

activity (± standard deviation) of

duplicate culture wells. Each sample

harvested from cultures stimulated in

the presence or absence of recombinant

human bone morphogenic protein-2
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was compared. Significant analysis was

tested using two-way analysis of vari-

ance, and intergroup differences were

determined by Fisher’s pairs least sig-

nificant difference (PLSD) test.

A p-value of 0.05 or 0.01 was consid-

ered to be statistically significant.

Results

When periodontal ligament cells were

cultured ina-modified essentialmedium

containing different concentrations of

serum and in either the presence (Fig. 1,

lanes b, d, and f) or absence (Fig. 1,

lanes a, c, and e) of osteoinductive

medium, alkaline phosphatase expres-

sion was affected by the concentration

of serum, irrespective of the dose of

recombinant human bonemorphogenic

protein-2. Similar results were also

found in a-modified essential medium

containing 10% serum (data not

shown). Cells cultured in the presence of

0.2% fetal bovine serum had the lowest

alkaline phosphatase expression

(Fig. 1, lanes a and b). In the presence of

osteoinductive medium, recombinant

human bone morphogenic protein-2-

stimulated alkaline phosphatase

expression was only observed in med-

ium containing 0.2% fetal bovine serum

(Fig. 1, lane b). However, no dose–

response effect of recombinant human

bone morphogenic protein-2 was found

in a-modified essential medium.

When comparing alkaline phospha-

tase expression of confluent periodon-

tal ligament cells in a-modified

essential medium (Fig. 2A,C) and

Dulbecco’s modified Eagle’s medium

(Fig. 2B,D), in the presence of 10%

fetal bovine serum, cells cultured in

a-modified essential medium showed

significantly higher alkaline phospha-

tase expression than those cultured in

Dulbecco’s modified Eagle’s medium.

Fetal bovine serum is known to con-

tain multiple growth factors and some

differentiation factors, which might

stimulate alkaline phosphatase expres-

sion in a-modified essential medium. In

order to investigate factors that

modulate the recombinant human

bone morphogenic protein-2-stimula-

tory effect on the alkaline phosphatase

expression of cells cultured in Dul-

becco’s modified Eagle’s medium, the

effect of serum and osteoinductive

medium pre-incubation were examined

(Fig. 3). Four serum concentrations

(0.2%, 2%, 10% and serum-free +

0.2% bovine serum albumin) were

investigated. Similarly to the cells cul-

tured in a-modified essential medium,

alkaline phosphatase expression was

increased at higher serum concentra-

tions in cells cultured in Dulbecco’s

modified Eagle’s medium (Fig. 3A,B).

Cells cultured in Dulbecco’s modified

Eagle’s medium pretreated with osteo-

inductive medium revealed a higher

level of alkaline phosphatase activity

(Fig. 3B, e, f, g and h) than those not

pretreated.

In order to avoid an unwanted

influence of serum on recombinant

human bone morphogenic protein-2,

serum-free Dulbecco’s modified

Eagle’s medium supplemented with

0.2% bovine serum albumin was used

in the latter study to investigate the

short-term effect of recombinant

human bone morphogenic protein-2 on

alkaline phosphatase expression. Ser-

um-free medium enables investigation

of the role of cellular responses to one

specific factor and thus can remove the

influence of numerous reagents pre-

sented in serum.

In the present study, confluent

periodontal ligament cells were

pre-incubated with osteoinductive

medium in serum-free Dulbecco’s

modified Eagle’s medium (0.2%

bovine serum albumin) for 3 d and

then stimulated with recombinant

human bone morphogenic protein-2

for an additional 3 d. Recombinant

human bone morphogenic protein-2

was found to exhibit a dose-depend-

ent increase of alkaline phosphatase

staining (Fig. 4B). In the absence of

pre-incubation with osteoinductive

medium, no obvious increase of

alkaline phosphatase activity was

Fig. 1. Effect of serum concentration on recombinant human bone morphogenic protein-2-

stimulated alkaline phosphatase expression of periodontal ligament cells in a-modified

essential medium. Periodontal ligament cells (2 · 104/well) were initially cultured to conflu-

ence in a-modified essential medium, containing 10% fetal bovine serum, in 24-well culture

dishes. Then, the medium was replaced with that containing different concentrations of serum

and incubation was continued for 3 d, as shown. Some wells (b, d and f) were additionally

supplemented with osteoinductive medium simultaneously during the change of medium.

Recombinant human bone morphogenic protein-2 was added at the indicated concentration

for an additional 3 d. DMEM, Dulbecco’s modified Eagle’s medium; OIM, osteoinductive

medium; rhBMP2, recombinant human bone morphogenic protein-2.
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apparent (Fig. 4A). Similar results

were also found in a study where cells

were pre-incubated with osteoinduc-

tive medium in Dulbecco’s modified

Eagle’s medium containing 2% serum

(data not shown).

Cell culture assay conditions inclu-

ded serum-free Dulbecco’s modified

Eagle’s medium (0.2% bovine serum

albumin) and pre-incubation with

osteoinductive medium. When cells

were cultured in Dulbecco’s modified

Eagle’s mediumwithout pre-incubation

with osteoinductive medium, recom-

binant human bone morphogenic pro-

tein-2 (0, 50, 100, or 300 ng/ml)

appeared to have only mild effects on

alkaline phosphatase expression

(Table 1 and Fig. 5). The change was

not statistically significant. When pre-

incubated with osteoinductive medium,

recombinant human bonemorphogenic

protein-2 (50, 100 or 300 ng/ml) showed

a significantly enhanced dose–response

increase of alkaline phosphatase activ-

ity (Table 1 and Fig. 5). In comparison

with cells pre-incubated in osteoinduc-

tive medium and standard Dulbecco’s

modified Eagle’s medium, supplemen-

tation with osteoinductive medium

significantly increased the alkaline

phosphatase activity, irrespective of the

concentration of recombinant human

bone morphogenic protein-2 (Table 1).

Discussion

Serum is frequently added to the

defined basal medium as a source of

certain nutritional and macromolecular

growth factors essential for cell growth

(33). There are over 1000 different

components in serum, and the best

supplementation to a basal medium is

fetal bovine serum, which is frequently

used for all types of cell culture. Serum

also supplies attachment and growth

factors – elements for cell proliferation

and differentiation (33).

However, the disadvantages of ser-

um include compositional variability,

the stimulation or inhibition of cell

growth, and unwanted induction of

differentiation (33). In our studies, ser-

um strongly stimulated dose-dependent

alkaline phosphatase expression, either

in a-modified essential medium or

Dulbecco’s modified Eagle’s medium,

which seemed to over-ride the effect of

recombinant human bone morphogen-

ic protein-2. This fact was confirmed by

the finding that a dose-dependent

response to recombinant human bone

morphogenic protein-2 was detected by

using serum-free or low-serum condi-

tions. The latter strategy seems to be

popular in in vitro studies investigating

unique cellular responses to a single

specific factor, which may eliminate the

unwanted influence of numerous com-

ponents present in serum. For short-

term analysis of alkaline phosphatase

expression, cells cultured in serum-free

medium supplemented with bovine

serum albumin have been used in many

studies (30,34,35). In a study of four

human periodontal ligament cell lines,

Kobayashi et al. demonstrated that

under serum-free conditions (with

0.5% bovine serum albumin), the

addition of recombinant human bone

morphogenic protein-2 at concentra-

tions of >50 ng/ml significantly sti-

mulated alkaline phosphatase activity,

in addition to causing an enhancement

of 3,5-cyclic adenosine monophosphate

accumulation (30).

Both a-modified essential medium

and Dulbecco’s modified Eagle’s med-

ium, used in the present study, were

suitable for supporting the growth of

different types of cells. However, there

are some differences in their composi-

tion, and this could potentially affect the

behavior of the cells in vitro (36). The

alkaline phosphatase expression of

periodontal ligament cells may behave

like the bone marrow-derived cells in

some aspects. Our results showed that

periodontal ligament cells cultured in

Dulbecco’s modified Eagle’s medium

had a lower alkaline phosphatase

activity than periodontal ligament cells

cultured ina-modified essentialmedium

under the same experimental condi-

tions. This might be a result of the fact

that Dulbecco’s modified Eagle’s med-

ium favors the maintenance of progen-

itor cells and that a-modified essential

medium could promote initial recruit-

ment into the osteogenic lineage. It may

also be a result of the fact that a-modi-

fied essential medium contains 50 lg/ml

of ascorbic acid in its basal components

and thus promotes osteoblast differen-

tiation (37). Whether or not the

A B

C D

Fig. 2. Alkaline phosphatase staining of confluent periodontal ligament cells cultured in

either a-modified essential medium (a, c) or Dulbecco’s modified Eagle’s medium containing

10% fetal bovine serum (b, d). Cultured periodontal ligament cells in the a-modified essential

medium showed a significantly higher intensity of alkaline phosphatase staining than those

cultured in Dulbecco’s modified Eagle’s medium. (a, b: culture dish; c, d: 100· magnifica-

tion). a-MEM, a-modified essential medium; DMEM, Dulbecco’s modified Eagle’s medium.
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phenotype of progenitor cells in

periodontal ligament cell populations,

which were cultured in Dulbecco’s

modified Eagle’s medium, could be eas-

ily maintained still needs future study.

In the study of Jaiswal et al., human

bone marrow-derived cells were cul-

tured in four types of media (Dul-

becco’s modified Eagle’s medium,

a-modified essential medium, Dul-

becco’s modified Eagle’s medium/F-12

and BGJb) in the presence or absence

of osteoinductive medium (36). They

found that cells cultured in different

media exhibited a different intensity of

alkaline phosphatase staining. In their

study, alkaline phosphatase staining of

cells cultured in a-modified essential

medium was higher than that of cells

cultured in Dulbecco’s modified

Eagle’s medium. Cells cultured in

Dulbecco’s modified Eagle’s medium

showed the lowest basal alkaline

phosphatase activity compared with

cells cultured in any other medium

tested. However, the addition of oste-

oinductive medium to Dulbecco’s

modified Eagle’s medium increased the

alkaline phosphatase activity by � 13-,

11-, and 6-fold on days 8, 12, and 16,

respectively, while the addition of

osteoinductive medium to a-modified

essential medium increased alkaline

phosphatase activity by only 4-, 4-, and

2-fold, for the same culture periods

(36). Different types of culture medium

therefore seem to have a different effect

on osteogenic activity.

In our studies, pre-incubation with

osteoinductive medium was found to

enhance the stimulatory effect of

recombinant human bone morphogen-

ic protein-2 on alkaline phosphatase

expression. Meanwhile, recombinant

human bone morphogenic protein-2

exhibited a dose-dependent stimulation

of alkaline phosphatase expression

after pre-incubation in the osteoinduc-

tive medium. Similarly, recombinant

human bone morphogenic protein-2

has been reported to enhance the

alkaline phosphatase expression in

murine periodontal ligament cells after

pre-incubation in osteoinductive med-

ium (31). In this study, Saito and

colleaques reported that an SV40 large-

T antigen gene-transfected periodontal

ligament cell line simulated the gene

expression of both the periodontal

ligament tissues in vivo and mass cul-

ture cells in vitro (31). This cell line

expresses genes such as alkaline phos-

phatase, type I collagen, periostin and

runt-related transcription factor 2, but

does not have gene expression for bone

sialoprotein and osteocalcin in normal

medium. With the addition of recom-

binant human bone morphogenic pro-

tein-2, alkaline phosphatase expression

increased and mineralized nodules were

formed in the differentiation medium

(its constituents were similar to those of

our osteoinductive medium). In addi-

tion, the gene expression of bone

sialoprotein, osteocalcin and runt-rela-

ted transcription factor 2/core binding

factor 1/osteoblast-specific factor-2 was

markedly enhanced in culture condi-

tions with pre-inculation of differenti-

ation medium and the addition of

recombinant human bonemorphogenic

protein-2. These data, together with

those of the present study, support the

notion that the periodontal ligament

cells are closely related to the osteo-

genic cell lineage or postnatal stem cells

in this tissue compartment, as sugges-

ted by many studies (5–10). The osteo-

inductive medium or differentiation

medium containing 50 lg/ml of ascor-

bic acid, 10 mM b-glycerophosphate
and 10)7

M dexamethasone seems to be

responsible for commitment of perio-

dontal ligament cells to the effect of

recombinant human bone morpho-

genic protein-2 in the present study.

These factors are known to be essential

for studying in vitro mineralization.

The stimulatory effect may be relevant

to three constituents of osteoinductive

medium which will be explained later.

Dexamethasone is known to pro-

mote expression of the differentiated

phenotype in cells of the osteoblast

lineage, and appears able to accelerate

the proliferation and survival of pri-

A

B

a

a b c d

e f g h

b c d

e f g h

Fig. 3. Effect of incubation with osteoinductive medium and of serum concentration on the

alkaline phosphatase expression of periodontal ligament cells cultured in Dulbecco’s modi-

fied Eagle’s medium. (A, culture wells; B, 100· magnification). Periodontal ligament cells

(2 · 104/well) were initially cultured to confluence in Dulbecco’s modified Eagle’s medium,

containing 10% fetal bovine serum, in a 24-well culture dish. The culture medium was then

changed to Dulbecco’s modified Eagle’s medium (wells a, b, c and d), which contained a

different concentration of serum, for 3 d (upper row in A and B). The culture wells shown in

e, f, g and h contained osteoinductive medium (lower row in A and B). Magnified pictures

taken from each well in (A) are shown in (B). a-MEM, a-modified essential medium; OIM,

osteoinductive medium; recombinant human bone morphogenic protein-2, recombinant

human bone morphogenic protein-2.
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mitive cells, expressing STRO-1 anti-

gen, from bone-derived culture (10).

STRO-1-positive cells were thought to

be precursors of the osteoblast pheno-

type. Periodontal ligament cells were

recently reported to contain STRO-

1-positive cells (10). These data suggest

that the addition of dexamethasone, in

the present study, might permit pro-

gress of progenitor cells in the perio-

dontal ligament pool towards

osteoblast differentiation.

In addition, most human femur

bone marrow stromal cells appeared to

be incapable of expressing elevated

alkaline phosphatase levels in direct

response to bone morphogenic pro-

teins. Pre-treatment with dexametha-

sone in the early passage of stromal

cells would enhance recombinant

human bone morphogenic protein-2-

stimulated alkaline phosphatase

expression in most cultured bone

marrow-derived cells (17). Recombin-

ant human bone morphogenic protein-

2 enhanced alkaline phosphatase and

runt-related transcription factor 2/core

binding factor 1/osteoblast-specific

factor-2 expression in the cultured

medium containing dexamethasone

and this has also been reported in other

studies (31,34). Therefore, the presence

of dexamethasone may directly or

indirectly favor the recombinant

human bone morphogenic protein-2

effects on alkaline phosphatase and

expression of other bone-related pro-

tein in periodontal ligament cells.

Ascorbic acid is known to function

as a cofactor in the hydroxylation of

lysine and proline residues in collagen,

and is essential for the normal synthesis

and secretion of collagen. In murine

dental follicle cells and cementoblasts

(38), recombinant human bone

morphogenic protein-2 was reported to

enhance osteocalcin mRNA expression

in the presence of ascorbic acid.

Recombinant human bone morpho-

genic protein-2 produced only a small

stimulation of alkaline phosphatase

activity in fetal rat calvarial osteoblasts

grown in the absence of ascorbic acid,

whereas the effect was greatly enhanced

in the presence of ascorbic acid (39).

Reports show that the interaction of

integrin and collagen are critical at

steps upstream of the transcriptional or

post-transcriptional regulation of

mRNA for alkaline phosphatase

expression (40). In one study, bone

morphogenic protein-2 receptors were

found to colocalize/overlap with ab
integrins, and the intact function of ab
integrins was found to be essential in

bone morphogenic protein-2 activity

(41). Ascorbic acid was also demon-

strated to induce expression of a2b1
integrins in periodontal ligament cells

(37). These data indicate that, in the

present study, the effects of recombin-

ant human bone morphogenic protein-

2 on alkaline phosphatase expression

of periodontal ligament cells may be

facilitated by interactions of type I

collagen and integrins that were

induced by ascorbic acid. This hypo-

thesis needs to be further investigated.

b-Glycerophosphate has been used

routinely by researchers to study dif-

ferent functional aspects of bone cells

and in vitro mineralization. b-Glyc-

erophosphate was reported to provide

a source of phosphate ion when

hydrolyzed by bone cells, and this

locally increased phosphate ion helps

in deposition of the mineral matrix

(42). In the present study, no separate

research on the role of b-glycerophos-
phate was conducted, and its role in

Table 1. Dose–response effect of recombinant human bone morphogenic protein-2

(rhBMP2) on alkaline phosphatase (ALPase) activity in cultured periodontal cells pre-

incubated with osteoinductive medium (OIM)

All data were evaluated in duplicate cultures and the results are expressed as means ± SD.

Comparisons of statistical significance for ALPase activity among and between experimental

and control.

*, p < 0.05.

**, p < 0.01.

NS, not significant.

Fig. 4. Effect of pre-incubation with osteoinductive medium on recombinant human bone

morphogenic protein-2 stimulation of alkaline phosphatase expression in periodontal liga-

ment cells. Periodontal ligament cells (2 · 104/well) were initially cultured to confluence in

Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum in 24-well culture

dish. (A) Cultures were incubated in serum-free (0.2% bovine serum albumin) Dulbecco’s

modified Eagle’s medium + osteoinductive medium + recombinant human bone morpho-

genic protein-2 for 3 d after the cells reached confluence. (B) The same culture medium as in

(A) was used for 3 d after pre-incubation in the same Dulbecco’s modified Eagle’s medium+

osteoinductive medium for an additional 3 d. rhBMP2, recombinant human bone morpho-

genic protein-2.
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the expression of alkaline phosphatase

needs further examination.

In conclusion, our data demonstrated

that modulation of alkaline phospha-

tase expression by adding recombinant

human bone morphogenic protein-2 to

periodontal ligament cells could not be

detected ina-modified essentialmedium

containing fetal bovine serum or even

after pre-incubation with osteoinduc-

tive medium. The presence of serum in

both a-modified essential medium and

Dulbecco’s modified Eagle’s medium

was found to mask the biological effect

of recombinant human bone morpho-

genic protein-2 on alkaline phosphatase

expression. Serum-free conditions and

the use of Dulbecco’s modified Eagle’s

medium were demonstrated to be an

appropriate choice for using to explore

the biological effect of recombinant

human bone morphogenic protein-2 in

periodontal ligament cells. Evidence

from the present study also suggested

that pre-incubation with osteoinductive

medium using Dulbecco’s modified

Eagle’s medium could provide a micro-

environment favoring the effect for the

bone morphogenic proteins. The opti-

mal culture condition identified in study

will be useful to evaluate regulation of

bone marker gene expression in perio-

dontal ligament cells.

Acknowledgements

The authors would like to sincerely

thank Ms Y.-H Sun for her technical

assistance and also the financial sup-

port from the National Science Coun-

cil (NSC 93–2314-B-002–187).

References

1. Reynolds JJ, Meikle MC. Mechanisms of

connective tissue matrix destruction in

periodontitis. Periodontol 2000 1997;14:

44–157.

2. Nyman S, Gottlow J, Karring T, Lindhe J.

The regenerative potential of the perio-

dontal ligament: an experimental study in

the monkey. J Clin Periodontol 1982;9:

257–265.

3. Saito A, Saito E, Kawanami M, Shi-

mada A. Healing in transplanted teeth

with periodontal ligament cultured in

vitro. Cell Transplant 2003;12:519–525.

4. Lekic PC, Rajshankar D, Chen H,

Tenenbaum H, McCulloch CA. Trans-

plantation of labeled periodontal ligament

cells promotes regeneration of alveolar

bone. Anat Rec 2001;262:193–202.

5. Nojima N, Kobayash Mi, Shionome M,

Takahashi N, Suda T, Hasegawa K.

Fibroblastic cells derived from bovine

periodontal ligaments have the phenotypes

of osteoblasts. J Periodont Res 1990;25:

179–185.

6. Hou LT, Yaeger JA. Cloning and char-

acterization of human gingival and perio-

dontal ligament fibroblasts. J Periodontol

1993;64:1209–1218.

7. HouLT, LiuCM,Lei JY,WongMY,Chen

JK. Biological effects of cementum and

bone extracts on human periodontal fibro-

blasts. J Periodontol 2000;71:1100–1109.

8. Grzesik WJ, Narayanan AS. Cementum

and periodontal wound healing and

regeneration. Crit Rev Oral Biol Med

2002;13:474–484.

9. Bartold PM, McCulloch CA, Narayanan

AS, Pitaru S. Tissue engineering: a new

paradigm for periodontal regeneration

based on molecular and cell biology.

Periodontol 2000 2000;24:253–269.

10. Seo BM, Miura M, Gronthos S et al.

Investigation of multipotent postnatal

stem cells from human periodontal liga-

ment. Lancet 2004;364:149–155.

11. Urist MR. Bone: formation by auto-

induction. Science 1965;150:893–899.

12. Wozney JM, RosenV, Celeste AJ et al.

Novel regulators of bone formation.

molecular clones and activities. Science

1988;242:1528–1534.

13. Wan M, Cao X. BMP signaling in skeletal

development. Biochem Biophys Res Com-

mun 2005;328:651–657.

14. Hogan BL. Bone morphogenetic proteins

in development. Curr Opin Genet Dev

1996;6:432–438.

15. Xu X, Jeong L, Han J, Ito Y, Bringas P Jr,

Chai Y. Developmental expression of

Smad1–7 suggests critical function of

TGF-beta/BMP signaling in regulating

epithelial–mesenchymal interaction during

tooth morphogenesis. Int J Dev Biol

2003;47:31–39.

16. Yamashiro T, Tummers M, Thesleff I.

Expression of bone morphogenetic pro-

teins and Msx genes during root for-

mation. J Dent Res 2003;82:172–176.

17. Diefenderfer DL, Osyczka AM, Garino

JP, Leboy PS. Regulation of BMP-in-

duced transcription in cultured human

bone marrow stromal cells. J Bone Joint

Surg Am 85-A Suppl 2003;3:19–28.

18. Lecanda F, Avioli LV, Cheng SL. Regu-

lation of bone matrix protein expression

and induction of differentiation of human

osteoblasts and human bone marrow

stromal cells by bone morphogenetic pro-

tein-2. J Cell Biochem 1997;67:386–396.

19. Selvig KA, Sorensen RG, Wozney JM,

Wikesjo UM. Bone repair following

recombinant human bone morphogenetic

protein-2 stimulated periodontal regener-

ation. J Periodontol 2002;73:1020–1029.

Fig. 5. Dose-dependent response of recombinant human bone morphogenic protein-2 on the

stimulation of alkaline phosphatase activity. Periodontal ligament cells (2 · 104/well) were

initially cultured to confluence in Dulbecco’s modified Eagle’s medium containing 10% fetal

bovine serum in a 24-well culture dish. Then, the medium was replaced with serum-free

Dulbecco’s modified Eagle’s medium (0.2% bovine serum albumin), with or without the

presence of osteoinductive medium, for 3 d. Recombinant human bone morphogenic pro-

tein-2 (0, 50, 100, and 300 ng/ml) was added and culture continued for an additional 3 d. All

data were evaluated in duplicate cultures and the results were expressed as means ± standard

deviation. Statistical significance was determined by analysis of variance. (*p < 0.05, **p

<0.01; NS, not significant). BSA, bovine serum albumin; DMEM, Dulbecco’s modified

Eagle’s medium; OIM, osteoinductive medium; rhBMP2, recombinant human bone mor-

phogenic protein-2.

Culture variables and recombinant human bone morphogenic protein-2-modulated effects 251



20. Wikesjo UM, Sorensen RG, Kinoshita A,

Jian LX, Wozney JM. Periodontal repair

in dogs: effect of recombinant human

bone morphogenetic protein-12 (rhBMP-

12) on regeneration of alveolar bone and

periodontal attachment. J Clin Perio-

dontol 2004;31:662–670.

21. Jovanovic SA, Hunt DR, Bernard GW

et al. Long-term functional loading of

dental implants in rhBMP-2 induced bone:

a histologic study in the canine ridge

augmentation model. Clin Oral Implants

Res 2003;14:793–803.

22. Fiorellini JP, Howell TH, Cochran D

et al. Randomized study evaluating

recombinant human bone morphogenetic

protein-2 for extraction socket augmenta-

tion. J Periodontol 2005;76:605–613.

23. Jung RE, Glauser R, Scharer P, Ham-

merle CH, Sailer HF, Weber FE. Effect of

rhBMP-2 on guided bone regeneration in

humans. Clin Oral Implants Res 2003;

14:556–568.

24. Beertsen WBT, Niehof J. Mineralization

of dentinal collagen sheets complexed with

alkaline phosphatase and integration with

newly formed bone following subperio-

steal implantation over osseous defects in

rat calvaria. Bone Miner 1993;20:41–55.

25. Weiss MJ, Cole DE, Ray K et al. First

identification of a gene defect for hypo-

phosphatasia: evidence that alkaline

phosphatase acts in skeletal mineraliza-

tion. Connect Tissue Res 1989;21:99–104.

26. Luppen CA, Smith E, Spevak L, Boskey

AL, Frenkel B. Bone morphogenetic pro-

tein-2 restores mineralization in glucocor-

ticoid-inhibited MC3T3–E1 osteoblast

cultures. J Bone Miner Res 2003;18:1186–

1197.

27. Takiguchi T, Kobayashi M, Suzuki R

et al. Recombinant human bone morpho-

genetic protein-2 stimulates osteoblast

differentiation and suppresses matrix

metalloproteinase-1 production in human

bone cells isolated from mandibulae.

J Periodont Res 1998;33:476–485.

28. Fromigue O, Marie PJ, Lomri A. Bone

morphogenetic protein-2 and transform-

ing growth factor-beta2 interact to

modulate human bone marrow stromal

cell proliferation and differentiation.

J Cell Biochem 1998;68:411–426.

29. Hay E, Hott M, Graulet AM, Lomri A,

Marie PJ. Effects of bone morphogenetic

protein-2 on human neonatal calvaria cell

differentiation. J Cell Biochem 1999;72:

81–93.

30. Kobayashi M, Takiguchi T, Suzuki R

et al. Recombinant human bone morpho-

genetic protein-2 stimulates osteoblastic

differentiation in cells isolated from

human periodontal ligament. J Dent Res

1999;78:1624–1633.

31. Saito Y, Yoshizawa T, Takizawa F et al.

A cell line with characteristics of the

periodontal ligament fibroblasts is negat-

ively regulated for mineralization and

Runx2/Cbfa1/Osf2 activity, part of which

can be overcome by bone morphogenetic

protein-2. J Cell Sci 2002;115:4191–4200.

32. Hou LT, Yaeger JA. DNA content and

alkaline phosphatase expression in cells of

different gingival overgrowths. J Oral

Pathol Med 1995;24:97–102.

33. Freshney RI. Culture of Animal Cells: a

Manual of Basic Technique. New York:

Wiley-Liss. Inc., 2000.

34. Gori F, Thomas T, Hicok KC, Spelsberg

TC, Riggs BL. Differentiation of human

marrow stromal precursor cells: bone

morphogenetic protein-2 increases OSF2/

CBFA1, enhances osteoblast commit-

ment, and inhibits late adipocyte matur-

ation. J Bone Miner Res 1999;14:

1522–1535.

35. Shiga M, Kapila YL, Zhang Q, Hayami T,

Kapila S. Ascorbic acid induces collage-

nase-1 in human periodontal ligament

cells but not in MC3T3–E1 osteoblast-like

cells: potential association between col-

lagenase expression and changes in alka-

line phosphatase phenotype. J Bone Miner

Res 2003;18:67–77.

36. Jaiswal N, Haynesworth SE, Caplan AI,

Bruder SP. Osteogenic differentiation of

purified, culture-expanded human mesen-

chymal stem cells in vitro. J Cell Biochem

1997;64:295–312.

37. Ishikawa S, Iwasaki K, Komaki M,

Ishikawa I. Role of ascorbic acid in perio-

dontal ligament cell differentiation.

J Periodontol 2004;75:709–716.

38. Zhao M, Xiao G, Berry JE, Franceschi

RT, Reddi A, Somerman MJ. Bone mor-

phogenetic protein 2 induces dental follicle

cells to differentiate toward a cemento-

blast/osteoblast phenotype. J Bone Miner

Res 2002;17:1441–1451.

39. Chaudhari A, Ron E, Rethman MP.

Recombinant human bone morphogenetic

protein-2 stimulates differentiation in pri-

mary cultures of fetal rat calvarial osteo-

blasts. Mol Cell Biochem 1997;167:31–39.

40. Jikko A, Harris SE, Chen D, Mendrick

DL, Damsky CH. Collagen integrin

receptors regulate early osteoblast differ-

entiation induced by BMP-2. J Bone

Miner Res 1999;14:1075–1083.

41. Lai CF, Cheng SL. Alphavbeta integrins

play an essential role in BMP-2 induction

of osteoblast differentiation. J Bone Miner

Res 2005;20:330–340.

42. Chung CH, Golub EE, Forbes E, Tok-

uoka TM, Shapiro I. Mechanism of action

of eta-glycerophosphate on bone cell

mineralization. Calcif Tissue Int 1992;51:

305–311.

252 Hou et al.




